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X-ray free electron lasers are ushering in
a new era in x-ray science
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Accelerator 450 MeV
Peak current 2 kA
Undulator period 27 mm



FELs use Self Amplified Spontaneous Emission (SASE) to
produce uniquely intense, ultrafast, coherent X-ray pulses

Electron bunch
(from LINAC)

X-ray pulses out
  For FLASH:
  λ = 6 - 32 nm
  30 fs pulses
  1012 photons
  40 µJ (typical)
  single mode

Graphics from:
vuv-fel.desy.de/
www-ssrl.slac.stanford.edu/lcls/



Dose-Resolution relationship for imaging of frozen samples at 10 keV

Every bond
broken above
here

Empirical data compiled by Malcolm Howells, LBL
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Today, the majority of molecular structures are determined
by x-ray crystallography

• Radiation damage is spread out over
1010 identical unit cells

• Diffraction from unit cells adds up
coherently to form strong Bragg peaks

• > 40,000 structures solved (in protein
data bank), but ~10,000 distinct
structures

• The bottleneck is in growing crystals

http://en.wikipedia.org/wiki/Image:X_ray_diffraction.png



X-ray free-electron lasers may enable atomic-resolution
imaging of non-crystalline biological macromolecules

One measurement

Combine 105-107 measurements

Classification Averaging Orientation Reconstruction

Noisy diffraction pattern

10 fs pulse

Particle injection

One pulse, one measurement



Destruction of the molecule is delayed by atom inertia:
Fast pulses enable imaging before destruction

0 fs 25 fs 50 fs

20 Å radius
protein

XFEL pulse
intensity

Hydrodynamic model:
R. London, S. Hau-Riege, A. Szoke.



Technical challenge of working towards single molecule
imaging is managed by focusing early work on key areas

XFEL pulses

Particle gun

detector

Experimental confirmation
of rates of damage

Bulk samples and
aerosols

Experimental
demonstration of imaging
beyond the radiation
damage limit

Test-structures and cells

Lensless imaging of injected
samples

3D diffraction imaging

Fixed samples at ALS
Injected samples at XFEL
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Femtosecond
single-shot

imaging



We have carried out experiments at the first operational
soft-X-ray FEL in Hamburg

FLASH: The VUV-FEL at HASYLAB, DESY
• User facility, FEL radiation to 6 nm wavelength (these experiments at 32nm)
• Initial FEL Operation August 2005 at 32 nm and <30 fs pulses, 1013 photons



Our diffraction camera can measure forward scattering
close to the direct soft-X-ray FEL beam

Multilayer reflectivity is uniform across
the 30° to 60° gradient

“Soft edge” prevents any
scatter from the hole



GRADED MULTILAYER MIRROR:
Si, Mo, and B4C layers, period graded laterally.
Variation matches angle of incidence (30º to 60º) to
maintain Bragg condition for λ = 32 nm.
Reflectivity: 45% for 32 nm pulses.

The mirror protects the CCD and works as a
(i) bandpass filter (bandwidth = 9 nm at 45º)
(ii) filter for stray light (1% off-axis reflectivity)
(iii) low-scatter beam-stop

multilayer mirror

CCD with transmission filter
shield

15o

-15o

sample

multilayer
mirror

CCD

filter

sample

60°
d = 32 nm

30°
d = 18 nm

2 cm

Sasa Bajt, Eberhard Spiller, and
Jennifer Alameda

The VUV-FEL diffraction experiment is designed to
measure forward scattering with high SNR



We have successfully reconstructed images from
ultrafast FEL diffraction patterns

1st shot at full power

2nd shot at full power

Reconstructed Image – achieved
diffraction limited resolution!

Wavelength = 32 nm

1 micron

1 micron

Edge of membrane support
also reconstructed

SEM of structure etched into
silicon nitride membrane

Pulse energy: 10 µJ or 1 J/cm2

Dose in Si3N4: 105 J/g or 22 eV/atom
Temperature of 6×104 K, or 5.2 eV, ionization/atom of 2.5
Surfaces will expand at sound speed: 1.3×106 cm/s
In 25 fs, material will not move more than 3 Å



Images are reconstructed using iterative transform
phase retrieval algorithms
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Periodically update object
support (shrinkwrap)

Imaging can be accomplished using iterative
transform phase retrieval algorithms
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We perform ab initio image reconstruction with our
“Shrinkwrap” algorithm
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The reconstruction is carried out to the diffraction limit of
the 0.26 NA detector

32 nm, one wavelength

Single pulse FELSEM

1 micron

λ / NA
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Phase-retrieval
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gives an estimate
of the resolution
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reconstructed
image

90 nm



The sample is significantly damaged by the FEL pulses

10 micron

FIB “cowboy” sample after FEL exposure
What the 1st shot saw…

Pulse energy: 10 µJ or 1 J/cm2

Dose in Si3N4: 105 J/g or 22 eV/atom
Temperature of 6×104 K, or 5.2 eV
Mean ionization/atom of 2.5
Surfaces will expand at sound speed: 1.3×106 cm/s
In 25 fs, material will not move more than 3 Å 2nd shot at full power





We invented a new method called femtosecond time-delay
holography

Time delay 2 Δz / c

Multilayer
Mirror

30 fs pulse
(9 µm long)

Detector
Δz

Unfolded geometry

reference
object

Prompt diffraction

Delayed diffraction



We invented a new method called femtosecond time-
delay holography

Time delay 2 l / c

Prompt diffraction

Delayed diffraction

30 fs pulse
(9 µm long)

reference
object



FLASH results: Femtosecond time-delay holography
with 30 fs time resolution

Single shot ultrafast time-delay X-ray
hologram, with 300 fs delay

Unfolded geometry

reference
object



Experiments at FLASH demonstrate that sample structure
to 0.3 nm can be obtained before sample destruction

During 30 fs pulse (1014 W cm-2)
32 nm wavelength

After pulse Plasma forms, layers ablate

40 micron

Nomarski micrograph of crater

Reflectivity unchanged
Multilayer d spacing not changed by

more than 0.3 nm

Si/C multilayer

30 fs pulse reflectivity at 32nm
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J. Kryzwinski, R. Sobierajski, H. Chapman et al



Recent results from FLASH: Biological structures

Forward scattering geometry
Single shot diffraction of Cocolith

Picoplankton diffraction
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A. Aerodynamic lens
B. Particle beam steering 
C. Charge detector
D. Particle beam skimming aperture
E. Particle beam alignment apertures
F. Time-of-flight mass spectrometer
G. Faraday cup

Atmospheric pressure
droplets evaporate

1-10 Torr ~1 Torr ~0.05 Torr
<1x10-6 Torr

Particles in

We have developed a particle injector for FLASH
experiments

Aerodynamic
lens

FEL out of page

Biomolecule/n
anoparticle

beam

FEL pulse
Mass

Spectrometer

Single particle
charge detector

Faraday cup

(Mirror/CCD
out of page,
not shown)

Interaction region

Cross-section

Measured particle flux:
88 nm spheres = 2.5x106 particles/second
28 nm spheres > 5x108 particles/second

On XFEL, predict about 1 Hz hit rate



Single-particle FEL diffraction of “on-the-fly” particles
has been demonstrated for the first time

Mass spectrum recorded with LLNL-
design miniaturized time-of-flight mass
spectrometer, from single pulse

Single ~200 nm particle Two particles hit by the one pulse

Reconstructed
image

(Filipe Maia,
Uppsala)

Forward scattering geometry



We achieved an acceptable hit rate for a wide variety of
aerosol samples

2 sec exposures (played at 3 fps = 6x acceleration)
8 FEL pulse trains per exposure (5Hz FEL rep rate);
at 140 micobunches per pulse train = 1120 FEL 
pulses per image

10 fs FEL pulses at 10 µs spacing
1 2 3 4 5 6 26 277 8 9 10 11



PICOPLANKTON are the most abundant photosynthetic cells in the oceans
(discovered in 1988)

Phytoplankton account for nearly half of the total carbon dioxide fixed into the
biosphere, while representing only about 1% of the total photosynthetic biomass on
our planet. This is a most remarkable finding.



INJECTED PICOPLANKTON CAPTURED ON THE FLY

0 30606030
Resolution length on the detector (nm)

March 2007, FLASH, Hamburg
FLASH pulse length: 10 fs
Wavelength: 13.5 nm

This cell was injected into
vacuum from solution, and shot
through the beam at 200 m/s



FIRST RECONSTRUCTED IMAGE OF A LIVE PICOPLANKTON
(CELL INJECTED INTO THE FEL PULSE)

FEL pulse length: 10 fs
Wavelength: 13.5 nm

Reconstruction by 
Filipe Maia, Uppsala

Reconstructed image of an intact picoplankton cell
injected into the FEL beam



In the context of APS, laser alignment may make serial
crystallography possible on a synchrotron (or ERL) source

J.C.H. Spence and R.B. Doak,
Phys. Rev. Lett. 92, 198102 (2004)

J.C.H. Spence et al., Acta Cryst. A
61, 237 (2005)
D. Starodub et al. J. Chem Phys 123,
244304 (2005)

Equipartition of rotational potential energy with
thermal energy gives
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T - temperature in K
I - laser power in W/cm2

Δα - polarizability anisotropy in nm3

Larsen, J. Chem Phys 111, 7774 (1999).

Resolution is limited by the degree of
alignment:       d = (L/2) Δθ



Overview

The ultimate goal of 3D diffraction imaging of 
single molecules is a ‘grand challenge’

We have demonstrated diffraction imaging 
using single FEL pulses

Femtosecond X-ray pump-probe diffraction imaging 
can be used to image transient phenomena

We have demonstrated that we can image particles 
injected into the FEL beam ‘on the fly’


